Fluorescence spectroscopy and computational methods were used to study the interaction between anthocyanins from sour cherries extract and bovine β-lactoglobulin. The experimental tests indicated that the number of binding sites was lower than 1, suggesting weak binding of anthocyanins by β-lactoglobulin, most probably as the result of the multitude of compounds present in the extract. Intrinsic and extrinsic fluorescence experiments have highlighted blue-and red-shifts in maximum emission. In agreement with the fluorescence spectroscopy findings, the in silico results suggested better affinity of the protein preliminary treated at high temperature for the anthocyanin. The molecular docking tests performed using the cyanidin 3-rutinoside as the ligand, one of the major components of anthocyanin extract indicated that the driving forces leading to complex formation mainly involve diamino and nonpolar neutral amino acids on the surface of the protein. The stability of the complex appeared to be mainly ensured by hydrophobic interactions and hydrogen bonds.
Introduction
The amino acid composition of whey proteins (high proportion of Cys, Trp, branched amino acids), their ability to bind various ligands, and the presence of bioactive peptides within their sequence give them excellent nutritional properties. [1] Additionally, whey proteins have important techno-functional properties in food systems such as their ability to act as emulsifiers, gelling, and texturing agents. [2] The globular protein β-lactoglobulin (β-LG) is found in the whey fraction of the milk of many mammals. β-LG is a small globular protein with 162 amino acid residues, having a molecular mass of 18,400 Da. The protein is classified as a member of the lipocalin-protein family because of its high affinity to bind small hydrophobic ligands. [3] In cow milk, β-LG is present as a noncovalent dimer, but the dimeric structure is not required for binding of biologically relevant molecules like retinol. [4] The tertiary structure of β-LG is dominated by the β-barrel, and consists of nine anti-parallel β-sheets and a major α-helix at the C-terminal end of the polypeptide chain. [5] The β-barrel forms a hydrophobic cavity inside the protein, where hydrophobic compounds can be bound. [6] The β-barrel consists of two β-sheets, where strands A to D form one sheet, and strands E to H form the other (with some participation from strand A, facilitated by a 90°bend at Ser 21 ). The loop EF, that connects strands E and F at the open end of the β-barrel, acts as a gate. [3, 7] Harvey et al. [8] suggested that β-LG contains three binding sites for different hydrophobic molecules: the first one is in the central cavity, known as calyx, the second is the surface cleft which lies between the α-helix and the surface of the barrel, and the third one is located at the monomer/monomer interface. Epidemiological, clinical and animal studies showed that regular consumption of polyphenol-rich foods ensure the prevention of cardiovascular and neurodegenerative diseases, osteoporosis and, possibly, cancer [9] . Anthocyanins are a group of naturally occurring phenolic compounds, which are responsible for the attractive colours of many fruits (particularly in berries) and related products derived from them. These polyphenolic substances are glycosides of polyhydroxy-and polymethoxyderivatives of 2-phenyl benzopyrylium or flavilium salts. Anthocyanins are becoming increasingly important as antioxidants, [10, 11] and they play a potentially important role in human health. [12] However, anthocyanins easily degrade during food processing and storage, being highly sensitive to factors such as: light, pH, temperature, presence of oxygen and enzymes. [13] Nevertheless, the use of anthocyanins in the development of food colorants and healthy and/or functional ingredients has been limited because of their low stability under given environmental conditions and interaction with other compounds in the food matrix. Attempts to improve the bioavailability of phenolics have been reported by developing complexes with different carriers, such as: β-LG, [3, 14] serum albumin,- [15] whey proteins, [16] α-lactalbumin, [17] and liposomes. [18] Therefore, the binding studies correlated with molecular dynamics and docking tests are needed as prerequisites for better understanding the ligand-receptor interactions from the microencapsulation perspective. Microencapsulation is a technique aimed to protect the biological active compounds through coating, requiring the correct choice of the wall material, the core release form and the encapsulation method.
Sour cherries (Prunus cerasus L) are rich in phenolic compounds, which display a broad spectrum of health promoting effects, such as antioxidant and anti-inflammatory activities, [19] inhibited intestinal tumour in Apc Min mice and reduced proliferation of human colon cancer cells. [20] Fluorescence spectroscopy, which is a useful method to study the ligand-protein interaction since it evaluates the binding parameters and establish the forces involved in interaction, was successfully used to study the interaction between different polyphenolics such as naringenin, hesperetin and apigenin with bovine serum albumin, [21] naringenin with β-LG, [14] curcumin with β-LG, [3] pelargonidin with whey proteins, [22] etc. Heating (depending on time, temperature, rate of heating) might induce important structural alterations of proteins conformation that affect their functionality. Therefore, the knowledge of the binding ability of β-LG is of great importance for proper understanding of the functional component-protein interactions, and therefore for estimating the potential therapeutic and/or technological applications. [23] The interaction between anthocyanins extract from sour cherries (ASC) skins and heat treated bovine β-LG was here investigated based on quenching experiments. In our previous report, the major anthocyanins in sour cherries extract were identified as cyanidin-3-rutinoside (8.20 ± 0.201 mg/100 g d.w.), followed by peonidin-3-glucoside (3.81 ± 0.068 mg/100 g d.w.) and cyanidin-3-glucoside (0.93 ± 0.004 mg/100 g d.w.). [24] Furthermore, in order to deepen understanding the effect of thermal treatment on the β-LG-ASC complex in relation with protein structural changes, the in situ fluorescence spectroscopy involving the use of intrinsic and extrinsic intensity fluorescence, phase diagram, synchronous spectra, threedimensional fluorescence spectroscopy and quenching experiments was performed. Finally, in silico tests were employed to complement the experimental results. In particular, molecular dynamics simulations and molecular docking were used to provide details on affinity and binding site of β-LG for cyanidin 3-rutinoside, one of the major components of anthocyanin extract from sour cherry. [25] The computational techniques are crucial for understanding the functionality of different compounds within complex matrices. They offer the possibility to mimic complex experimental set-ups while providing atomic level details, which enrich the knowledge on the mechanisms of the interaction between different molecules in model systems. Our study aimed to provide detailed descriptions of the interactions mechanism between anthocyanins from sour cherries skins extract and the major protein from whey from the perspective of developing new functional composites for food applications.
Materials and methods

Materials
β-LG (purity > 90%, genetic variants A and B) from bovine milk, 1-anilino-8-naphtalenesulphonic acid (ANS), acrylamide and potassium iodide (KI) were purchased from Sigma (Sigma-Aldrich Co., St. Louis, MO). Sour cherries (Prunus cerasus) belonging to Timpurii de Cluj variety were purchased from the local market (Galați) in the months of June -July of the year 2015. Fruit samples were washed using a cherries:water ratio of 1:2 (w/w). The skins and seeds were manually separated from the pulp, washed with distilled water and then blotted on paper towels to remove any residual pulp. Skins were freezedried (Alpha 1-4 LD plus, Martin Christ, Germany) and stored at -20°C until analyses.
Anthocyanins extraction from sour cherries skins
The extraction of phenols from freeze-dried sour cherry was performed according to the procedure described by Turturică et al. [26] In brief, 1 g of freeze-dried sour cherry skins were homogenized with 8 mL of ethanol (70%) and placed on an orbital shaker at room temperature for 4 h. The supernatant was collected and centrifuged at 11800 × g, and 10°C for 10 min. The supernatant was then concentrated under reduced pressure at 35°C to dryness (AVC 2-18, Christ, UK). The solutions were obtained by dissolving 1 g of extract in 10 mL of MilliQ water.
Phytochemicals analysis
Total monomeric anthocyanins (TAC) content in sour cherries extract was estimated according to our earlier report. [26] Preparation of the β-LG-ASC complex To obtain protein solution, β-LG was weighed and dissolved in 20 mM Tris-HCl buffer solution (pH 7.5) at a concentration of 1 mg/ml. β-LG-ASC complex was prepared by simple mixing of the two components. The ASC extract was added to the protein solution to reach a final protein/ASC molar ratio of 1:1.
Heat treatment
Plastic tubes (1 cm diameter) were filled with 0.2 mL of β-LG solutions containing 1 mg/mL − protein solution in 20 mM Tris HCl buffer at pH 7.5. The samples were heated at different temperatures ranging from 25 to 100°C for 15 min using a thermostatic water bath (Digibath-2 BAD 4, Raypa Trade, Barcelona, Spain). The protein was then cooled by introducing the tubes in ice water, such as to avoid further thermal denaturation. In order to investigate the effect of the thermal treatment on the complex, 0.2 mL of the β-LG-ASC complex were heated as described above.
Prior to fluorescent measurements, a volume of 100 µL of thermally treated β-LG/β-LG-ASC complex solutions were suspended in 2.5 mL 20 mM Tris buffer, pH 7.5.
Quenching experiments
All the fluorescence investigations were performed on a LS-55 luminescence spectrometer (Perkin Elmer Life Sciences, Shelton, CT, USA) equipped with the software Perkin Elmer FL Winlab. For the quenching experiments with ASC, the excitation wavelength was set at 292 nm while the emission spectra were collected from 310 nm to 400 nm, with increments of 0.5 nm. Both the excitation and emission slit widths were set at 10 nm. A volume of 100 µL of thermally treated protein solution was suspended in 2.5 mL Tris buffer of 20 mM concentration at pH 7.5 and titrated by successive addition of ASC. The Stern-Volmer constants, binding constants, number of binding sites and thermodynamic parameters were calculated as previously reported. [23] Fluorescence spectroscopy investigations of the β-LG-ASC complex Intrinsic and extrinsic fluorescence, phase diagram, synchronous spectra, 3-dimensional spectral measurements and quenching experiments using acrylamide and KI of the β-LG-ASC complex were performed as previously described by Aprodu et al. [27] The fluorescence quenching data were analysed by fitting to the Stern-Volmer equation as described by Dumitraşcu et al. [23] Set up of the in silico investigations
In order to estimate the particularities of the interaction between β-LG and anthocyanins at single molecule level, molecular mechanics, molecular dynamics and docking tests were performed using as models the three dimensional structure of β-LG from RCSB Protein Data Bank (PDB ID: 4DQ3, [28] and of cyanidin 3-rutinoside (CYR) molecule. The effect of the thermal treatment on β-LG structure was simulated after optimizing the protein model using steepest-descent algorithm. The molecular dynamics was employed for heating the solvated protein at 25°C and 90°C through weak coupling each component of the system to a Berendsen thermostat to control the temperature. Further equilibrating dynamics was long enough to reduce any significant temperature and energy oscillations. Only the temperatures indicated by the experimental approach as significant for β-LG interaction with anthocyanin were considered in the in silico test. The molecular mechanics and molecular dynamics simulations were performed by means of GROMACS 4.6 package [29] on an Intel® Core™ 2 CPU 6300 1.86 GHz processor-based machine running Linux. Gromos43a1 force field was used to define the topology, and periodic boundary conditions were applied along the xyz coordinates.
The β-LG molecules equilibrated at different temperatures were then used as receptor in the shape complementarity-based docking procedure, whereas the ligand was CYR molecule. The top ten rigid-body docking solutions generated by PatchDock algorithm [30] were further used as input for the FireDock algorithm, resulting in the refinement of the β-LG -CYR complexes through adjusting the relative orientation of the interfacing atoms of the two molecules. A final ranking was carried out, taking into account the binding energy values which include softened attractive and repulsive van der Waals energy. [31] The best fits were then used as models for investigating the interactions between thermally treated β-LG and CYR molecules. The LigPlot+ tool [32] was employed for checking the atomic level contacts between the two molecules within each complex.
Results and discussion
Fluorescence quenching mechanism of heat treated β-LG by ASC
The interactions between β-LG and ASC were examined by following the influence of increasing concentration of ASC on the fluorescence intensity spectra of β-LG preliminary treated at temperatures ranging from 25°C to 100°C for 15 min. Regardless of the intensity of the thermal treatment, the fluorescence of the protein was significantly quenched with increasing the ligand concentration (Fig. 1) .
The addition of 0.093 µM of ASC to native β-LG (Fig. 1a) led to a red shift of 75 nm in maximum position (λ max ). In the temperature range of 50°C to 90°C (Fig. 1b and c) , significant red-shifts between 78 nm and 76 nm were found. These results suggest that interactions between β-LG and ASC lead to modifications in the polarity of the environment around Trp residues present in the polypeptide chains. [33] Furthermore, the appreciable spectral red shift suggests that Trp residues in the protein became more exposed to the hydrophilic solvent as a result of the interaction with ASC. [34] The Stern-Volmer plots for the quenching of β-LG fluorescence by ASC are depicted in Fig. 2 , and the estimated Stern-Volmer constant (K SV ) at different temperatures are listed in Table 1 ), suggesting that the degree of exposure of Trp to ASC is increasing with the temperature up to 80°C, and decreases afterwards at even higher temperatures. To distinguish static and dynamic quenching, the comparison of the values of K SV at different temperatures was performed. It can be seen that the values of K SV decreased with the increase of temperature, representing the static quenching mechanism. Gholami and Bordbar [14] explained that at higher temperatures due to faster motions, dissociation of weakly bound complexes increases, and consequently, the Stern-Volmer constants decrease. These authors reported K SV values for binding of naringenin to bovine β-LG of 0.1370 × 10 6 M −1 at 25°C, whereas Li et al. [3] found K SV values of 6.0 x10 4 M −1 for curcumin binding to β-LG at pH 7.0. Arroyo-Maya et al. [22] suggested also a decrease in K SV values at lower temperatures (25-45°C) .
In order to find the equilibrium between free and bound molecule, the apparent binding constant (K a ) values and the number of binding sites (n) for the quenching process at different temperatures were derived from the slope and intercept of log[( at 100°C. At each tested temperature, the n value was lower than 1, suggesting that the weak binding of ASC to β-LG might be due to the multitude of compounds present in the ASC, that might compete to the binding sites. However, the n values increased with increasing temperature up to 100°C, from 0.60 ± 0.11 to 0.88 ± 0.03, indicating the increase of β-LG affinity for ASC.
The values of K a and n obtained by Mohammadi et al. [35] were 2.49 × 10 12 M −1 s −1 and 0.85, whereas Li et al. [3] reported values of 6.0 × 10 12 M −1 s −1 and n of 1.1, when studying the binding of curcumin to β-LG. Gholami and Bordbar [14] suggested K a values of 0.5685 × 10 6 M −1 and n value of 1.11.
Thermodynamic parameters give information necessary to understand the molecular forces that drive the complex formation. The values of enthalpy (ΔH) and entropy (ΔS) changes acquired from the slopes and intercepts at the origin of the fitted lines, and the free energy (ΔG) are listed in Table 2 . When plotting the natural logarithm of K a versus T −1 two linear relationships were obtained, one in the temperature range of 25°C-70°C, and the second in the temperature range between 80°C and 100°C. The ΔG values for ASC binding were positive and negative in the two temperature range ( Table 2 ), indicating that the binding process was nonspontaneous and spontaneous, respectively. In the temperature range of 25°C-70°C, the positive values of ΔH and negative for ΔS indicates that the reaction between ASC and β-LG is endothermic with a decrease in entropy. At higher temperatures, the reaction is endothermic with a positive entropy change. This sort of reaction is reactant-favoured at low temperatures and product-favoured at high temperatures. Ross and Subramanian [36] have quantified the sign and magnitude of the thermodynamic parameters related with various individual kinds of interactions that may take place in the protein association process, which can be easily resolved as: (i) ΔH > 0 and ΔS > 0, hydrophobic force; (ii) ΔH<0 and ΔS<0, van der Waals' force and hydrogen bonding; (iii) ΔH < 0 and ΔS > 0, electrostatic interactions. Therefore, from the thermodynamic characteristics summarized in Table 2 , the positive ΔH and ΔS values suggest that hydrophobic force plays the major role in the β-LG and ASC binding interaction at higher temperatures. The positive values of ΔH and ΔS indicate that the binding of ASC and β-LG is mainly entropy-driven, and the enthalpy is unfavourable for it. Thus, it can be concluded that the hydrophobic force enacted a major role in the interaction, but it did not mean that the electrostatic interaction was omitted.
In silico investigations on anthocyanin binding to β-LG
The influence of the β-LG thermal treatment on the single molecule interaction with CYR molecule was further investigated through the in silico approach. The protein model was heated up to 25, and 90°C, and then equilibrated through molecular dynamics steps until the potential energy oscillations became lower than 0.1%. The particularities of the interaction and affinity between β-LG and CYR molecules were checked on the top scoring refined assembly models after performing docking simulations. Regardless of the simulated temperature, upon the interaction with the anthocyanin the secondary structure of the β-LG molecules was well preserved. In agreement with the findings of Stănciuc et al., [37] in the 25-90°C temperature range, the amount of aminoacids involved in β-LG strands content (26.6-29.7%) prevailed over the helical one (7-9.5%). Due to the folding events governing the thermal induced behaviour of β-LG, the temperature increase from 25 to 90°C caused the slight decrease of both total surface volume of the β-LG -CYR complex (Table 3) .
Three different ligand binding sites have been previously suggested for β-LG molecule. As reviewed by Roufik et al. [38] the most common one is the internal cavity defined by the β-barrel, although ligand binding to a hydrophobic pocket located on the protein surface in a groove between the α-helix and the β-barrel, or to an exposed patch close to Trp 19 -Arg 124 residues was also reported. Because of the large volume, CYR molecule cannot enter the internal cavity of β-LG. The potential β-LG binding pockets for CYR, probed through molecular docking after simulating the thermal treatment at 25°C and 90°C, are located on the same side of the protein, and share four amino acids (Leu 58 , Asn 90 , Ile 71, and Met
107
) from a large hydrophobic cavity on surface of the protein. In agreement with the fluorescence spectroscopy measurements indicating the improvement of the affinity between β-LG and CYR molecules with the temperature, a significant increase of the binding energy (Table 3 ) was obtained when equilibrating the protein at 90°C, with respect to the 25°C . Higher attractive van der Waals energy contribution to the total binding energy was attained at 90°C (Table 3) , mainly because of the rearrangements within the local conformation of the CYR binding site, causing the exposure of new functional groups and even of amino acids partially buried within the core of the receptor molecule in native state. Although increasing the temperature used to preliminary treat the protein resulted in the slight increase of the total interaction surface (from 619.60 to 623.20 Å 2 ), significant changes within the range of amino acids involved in the interaction with CYR were noticed (Fig. 3) . Some of the newly exposed residues, namely Lys 60 , Asn 109 and Ser
116
, established hydrogen bonds with the ligand at distances ranging between 2.18 and 3.17Å (Fig. 3) , therefore contributing to the stabilization of the β-LG-CYR complex at high temperature. An addition 2.35Å long hydrogen bond involving Asn 90 , one of the residues shared by the two binding pockets, was identified when treating the protein at 90°C. No hydrogen bonds were found to contribute to the global binding energy in the complex equilibrated at low temperature.
According to Morgan et al. [39] β-LG molecules contains 16 free amino groups that can act as binding site for potential covalent ligands. An improvement of the contacts established by the CYR molecule with these residues was observed at high temperature, offering the premises for getting highly stable complexes. In Fig. 3 are provided the maps of the atomic level contacts established between the β-LG treated at 25°C and 90°C and CYR molecules. Analysing the contacts established between the two molecules one can see that, in addition to the Asn 90 residue found to preserve its relative position in respect to the ligand and the hydrophobic interactions regardless of the simulated temperature, four additional residues, namely Lys 60 , Asn 88 , Asn 109 and Gln 115 provided free amino groups to be involved in stabilizing the interface within the assembly at high temperature. In agreement with the findings of Sahihi et al. [40] who studied the interaction between β-LG and three different polyphenol flavonoids (quercetin, quercitrin, and rutin), the phenolic groups in the structure of CYR molecule play key role in the binding process. In fact, Sahihi et al. [40] showed that the number of hydrogen bonds connecting the flavonoids by its receptor protein increased with the OH groups in the ligand structure.
Moreover, the β-LG conformational changes induced by the thermal treatment favoured the general exposure of some nonpolar neutral amino acids, normally residing toward the hydrophobic core of the protein. Therefore the nonpolar interactions involving the newly exposed Leu 31 , Leu 39 , and Ile 84 amino acids might have been served as driving force for the binding of the CYR ligand to the thermally treated protein. LG amino acids placed in close hydrophobic contacts with CYR atoms are represented by an arc with spokes radiating towards the ligand atoms they contact. The figure was drawn using LigPlot+. 32 
Intrinsic fluorescence of the complex
Fluorescence measurement is a useful approach to study the interactions between ligands and proteins because the fluorophore is sensitive to the polarity of its surrounding environment. [41] At excitation wavelength of 280 nm, both Tyr and Trp have fluorescence emission, whereas at 292 nm only the Trp shows fluorescence. In general though, the intrinsic fluorescence of Tyr and Trp containing proteins is complex and strongly depends on the environment and photophysics of these residues, especially of Trp. Therefore, in our study, in order to get a complete view of the intrinsic fluorescence of the β-LG-ASC complex, three excitation wavelengths were used to evaluate the stability of the complex in terms of fluorescence intensity and maximum emission wavelengths, as follow: 274, 280, and 292 nm. Fig. 4 gives the heat induced structural changes of β-LG-ASC complex monitored by emission spectrum at different excitation wavelengths. At 25°C, the emission peaks (λ max ) of hydrophobic residue of β-LG were located at 335, 336, and 332 nm, when excited at 274, 280, and 292 nm. Aprodu et al. [27] reported values for λ max of 336, 340, and 327 nm for the complex formed between β-LG and carotenoids from sea buckthorn at 25°C. In its native form at neutral pH, β-LG presents a typical maximum position around 334 nm [36] when excited at 292 nm. As it can be observed, the 2 nm blue-shifts in λ max were recorded by adding the ASC, due to the conformational changes in the tertiary structure of the protein. The intrinsic fluorescence of β-LG is given by the internal Trp 19 , while Trp 61 is exposed to the solvent and its fluorescence is totally quenched. This is possible due to the location of Trp 61 near to a disulphide bond (Cys 66 -Cys 160 ) or near to the guanidine group of Arg 124 , or due to self-quenching with another Trp 61 from another monomer. Tyr 42 and Tyr 102 residues are buried, while Tyr 20 and Tyr 99 are exposed. [42] Native β-LG has one well defined binding site per monomer, and depending on ligand and binding conditions, one or more secondary sites were reported. [1] The main binding site of native β-LG for hydrophobic ligands is formed by the calyx of the protein, [43] whereas several studies [44, 45, 46] indicated secondary binding sites on the protein monomer for retinol and protoporphyrine IX, and palmitic acid and retinoid, respectively. The thermal treatment led to a significant decrease in fluorescence intensity up to 100°C. When excited a 274 nm, a maximum decrease in fluorescence intensity (with about 34%) was found at 100°C (Fig. 4a) . In the whole temperature range studied, the λ max was blue shifted from 335 nm at 25°C to 332 nm at 100°C, suggesting a decrease in the polarity of Tyr microenvironment. Heating at 100°C caused also a decrease with about 32% (Fig. 4b) and 35% (Fig. 4c) of the fluorescence intensity when exciting the protein at 280 nm and 292 nm, respectively. Bhattacharjee and Das [47] reported that increase of temperature may cause efficient thermal deactivation of fluorophores causing intensity to decrease. β-LG has 15 lysine residues each having a primary amine (ε-NH2) group, which are considered to be a quencher of fluorescence. The drop of Trp fluorescence intensity possibly reflects tertiary structural alteration of the protein in such a way that the amine groups effectively quench the fluorescence of β-LG. [47] When excited at 280 nm, a blue-shift of 3 nm was found in the temperature range of 50°-80°C, followed by a 2 nm red-shift at higher temperatures. Red-shifts of 2 nm were found in the whole temperature range, when excited at 292 nm. Trp and Tyr residues are assigned to be buried in the protein core when λ max is equal or lower than 330 nm, and exposed to solvent when λ max is higher than 330 nm. A fully exposed Trp in an aqueous solution is expected to have λ max over 350 nm. [48] The decrease in fluorescence intensity together with blue-shifts in λ max could be explained by the effect of heating on protein aggregation by inducing the formation of intermolecular bonds. [49] Extrinsic fluorescence of the complex formed between anthocyanins and β-LG β-LG binds to the hydrophobic probe ANS which is sensitive to proteins conformation and enhances its fluorescence indicating the presence of surface hydrophobic pockets. [50] The ANS fluorescence intensity of (un)-treated β-LG-ASC complex was measured by exciting the samples at 365 nm and collecting the emission between 400 and 600 nm. A slight increase in ANS fluorescence intensity up to 100°C was observed, accompanied by a blue-shift from 519 nm at 25°C to 517 nm at 60°C, followed by 2 nm red-shifts at 70-90°C. For most proteins, λ max of ANS bound to hydrophobic pockets lies in the 480-490 nm range, whereas ANS exposed to free water has λ max well above 500 nm. A further increase in temperature up to 100°C resulted in a blue-shift of ANS-fluorescence of 2 nm, suggesting that the hydrophobic residues were exposed to a non-polar environment. Therefore, thermal treatment up to 90°C caused conformational changes resulting in a more flexible structure, in which the hydrophobic regions initially buried in the protein core were exposed and become more accessible for binding with ANS.
Phase diagram
In Fig. 5 , the phase diagram of heat induced structural changes of β-LG-ASC complex obtained by plotting I λ1 versus I λ2 , (where I 1 and I 2 are the spectral intensity values measured at wavelengths 320 nm and 365 nm) used to detect partially folded species and hidden intermediates is presented. [51] A linear plot involves an all-or-none transition between the two conformations, while a non-linear plot reflects the sequential character of structural transformations. [52] The correlation was nonlinear, suggesting the presence of several structurally distinct conformations induced by heating. The thermal denaturation process of β-LG was described as a multistep mechanism and highly dependent on the protein concentration and pH. [53] At neutral pH and physiological concentrations (<5 wt %), the dissociation of the dimer is coupled with a conformational transition to an R-type state, around 40-55°C. The native (N) to the R-state transition was associated with a single anomalous carboxyl group which appears to be buried in the hydrophobic interior of the protein in conformation N, and becomes exposed to the surface in conformation R. [54] A progressive loss of β-sheet structure was observed with increasing temperature, while an abrupt loss of the helical conformation was detected near 65°C. Stănciuc et al. [37] suggested significant structural rearrangement of the protein between 70°C and 80°C, associated with protein unfolding, and at 90°C attributed to protein folding. The formation of new native-like strands such as antiparallel β-sheets and β-turns at 90°C was also suggested.
Synchronous spectra
In order to investigate the nature of the microenvironment in the vicinity of the fluorophore groups within the complex during thermal denaturation, synchronous spectra of the β-LG-ASC complex were performed. This technique involves scanning simultaneously the excitation and emission monochromators while maintaining a fixed wavelength difference (Δλ) between them. The characteristic features of the Tyr and Trp residues were obtained after setting the Δλ at 15 nm and 60 nm, respectively. The synchronous spectra of the complex at different temperatures at Δλ of 15 and 60 nm are shown in Fig. 6a and b. The shifts in the position of λ max correspond to changes of polarity around the chromophore molecules. The addition of ASC caused a blue-shift in λ max from 300 to 274 nm in case of Tyr and from 280 nm to 275 nm in case of Trp, indicating that binding sites are located in the close proximity of Tyr and Trp residues and had an effect on their microenvironment. [27] At Δλ of 15 nm and 50°C, the complex presented a significant 15 red-shift in λ max , whereas a further increase in temperature up to 100°C caused a blue shift of 3 nm (Fig. 6a) . In Fig. 6b , a small 1 nm red-shift for Trp residues was observed at temperatures higher than 90°C. Therefore, it can be concluded that the heat treatment induced conformational changes that led to exposure of Tyr residues at lower temperatures, and partial exposure of Trp residues at higher temperatures.
Three-dimensional fluorescence spectroscopy
The changes of three dimension fluorescence spectra of β-LG-ASC complex are listed in Table 4 . Peak A denotes the Raleigh scattering peak (λ ex = λ em ), the strong peak 1 and 2 mainly reveals the spectral characteristics of Trp and Tyr residues, whereas peak B is the second-order scattering peak (λ em = 2 λ ex ). As it can be seen from Table 4 , the fluorescence intensity of peak 1 in the threedimensional fluorescence spectra of the complex changes more significantly than peak 2, especially at higher temperatures. The decrease in peak 2 intensity reveals an increase in polarity surrounding the Trp and Tyr residues, with decreasing the exposure of some hydrophobic regions. The blue-shifts in λ max revealed that heat treatment induced the folding of the polypeptides chains.
Quenching experiments
Acrylamide and KI are external quenchers (charged and non-charged) used to analyse the solvent accessibility and the polarity of the microenvironment close to Trp residues. Acrylamide quenches the fluorescence of exposed and partially exposed Trp residues, while KI quenches only the exposed Trp located at or near to the surface of the molecules. In case of both quenchers, the fluorescence intensity of the complex decreases with increasing the concentration of the quenchers. The Stern-Volmer constants (K SV ) of β-LG-CSB complex with acrylamide and KI at different temperature values are shown in Table 5 . Acrylamide quenching yielded a linear Stern-Volmer plot, which implies that simple collisional is responsible for fluorescence quenching. For both quenchers, the K SV values showed no significant differences (p > 0.05). However, for acrylamide, a sharp increase at 50°C, followed by a slight decrease at higher temperatures (Table 5 ) was observed, which can be attributed to the fact that the Trp becomes less accessible to the acrylamide. It can be concluded that the accessibility of Trp residues to the quencher was significantly modified by heating up to 50°C.
Conclusion
Fluorescence spectroscopy and molecular docking were employed in this study in order to describe the interaction mechanism between anthocyanin's from sour cherries skins extract and bovine β-lactoglobulin and the thermal stability of the complex. The purpose was to understand in great detail the protein-ligand interactions from the perspective of developing new functional composites with applications in food industry. The studies revealed that, anthocyanins have the ability to bind with β-lactoglobulin via a static quenching process. The number of binding sites was lower than 1, suggesting that the weak binding of anthocyanins to β-lactoglobulin might be due to the multitude of compounds present in the extract. The thermodynamic parameters suggested the role of hydrophobic interactions. The phase diagram suggested the presence of more than two structurally distinct molecular species induced by thermal treatment. Intrinsic and extrinsic fluorescence experiments have highlighted blue-and red-shifts in maximum emission, suggesting sequential folding and unfolding with increasing temperature. The synchronous spectra indicated the exposure of Tyr residues at lower temperatures, and partial exposure of Trp residues at higher temperatures. The spectroscopic results on β-lactoglobulin affinity for anthocyanin after the thermal treatment were further confirmed with molecular docking study, in which the cyanidin 3-rutinoside was docked to the whey protein equilibrated through molecular dynamics at different temperatures. Regardless of the simulated temperature, the potential β-lactoglobulin binding pockets preferred by the cyanidin 3-rutinoside shared a large hydrophobic cavity located on protein surface. The interactions established between the two components of the assembly were mostly hydrophobic, with significant participation of the hydrogen bonds at high temperature, involving mainly the newly exposed amino acids from β-lactoglobulin molecules and the OH groups of the ligand.
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